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Abstract
Quark mass effects are clarified in the parton model approach to the trans-
versely polarized nucleon structure function. The special propagator tech-
nique is employed to obtain manifestly gauge invariant results and extract the
buried short-distance contributions inside the soft part after momentum fac-
torization in the collinear expansion approach. A generalized massive special
propagator for a massive quark is constructed. We identify the correspond-
ing matrix elements of the transversely polarized structure function in deep
inelastic scatterings by the massive special propagator technique.
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The naive parton model that built upon massless free partons had proved itself tremen-
dously successful towards the understanding of spin averaged high energy processes. How-
ever, a lot of interesting physics and even possible spin dependent new physics are washed
out during the averaging procedure. Following the advances of experimental techniques and
facilities, both polarized probe and target become more popular. The EMC data [1] on
longitudinally polarized deeply inelastic scattering (DIS) experiments had already provided
us lots of surprises and insights into the nuclear structure in the past decade. Spin physics
has therefore become one of the most fascinating subjects towards the understanding of the
quark and gluon dynamics inside hadrons. High precision data along with state-of-the-art
higher order perturbative QCD (pQCD) computation enable us to test the standard model
to high accuracy. However, in DIS, where most spin data exist, much work on the subject
has concentrated on the leading twist contributions which measure the helicity of the quark
constituents. Recently, results in the DIS transversely polarized structure function gT (x,Q
2)
were reported and have shown a non-negligible contribution [2]. gT contains a chiral even
part which measures the quark transverse spin asymmetry and a chiral odd part which is
described by the quark transversity distribution [3,4] in the nucleon. Extensive study is
expected to be performed at DESY, CERN and SLAC.
Quark transverse spin is famous for its conceptual difficulties and confusions in the lit-
erature [3,5–7]. As emphasized in Ref. [6], quark transverse spin is a fundamental degree of
freedom, and the transversity parton distribution which measures the quark helicity-flip in
the helicity basis is well-defined even for massless partons. To see its partonic probabilistic
interpretation one has to go to transverse spin eigenstate where transversity becomes di-
agonal. It simply measures the difference of oppositely transverse polarized quarks inside
the nucleon. Using an anti-quark probe as in the Drell-Yan process, the transversity is a
leading twist effect and is a naturally large quantity. It is important to note that helic-
ity and chirality are identical for “good” light cone component of the Dirac field. Since
in DIS, the virtual photon is a chirally invariant probe, upon neglecting the small quark
mass, the quark chirality becomes a good quantum number, and thus renders the quark
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transversity, no matter how large, invisible by the virtual photon probe in DIS. It is this
different chiral transformation property between the “probe” and “parton distribution” that
causes much confusion in the literature. The situation becomes even worse in the operator
product expansion for DIS, where an unambiguous separation of the probe’s and operators’
chiral transformation properties is more difficult. To summarize, the quark transversity is
a measurement of chiral symmetry breaking effects and mixes with other complicated high
twist (twist-3) transverse spin asymmetry contributions in DIS.
To measure the transverse quark spin in DIS requires the inclusion of quark masses and
hence is of high twist in nature. However, it is well known that the quark mass term in the
final state does not respect the electromagnetic gauge invariance. The authors in Refs. [8,9]
have shown that it is necessary to include the “twist-3” gluon term (i.e. the transverse
momentum) and use the equation of motion to achieve a gauge invariant final result. How-
ever, the mixing of multiparton contributions makes the parton picture very unclear. It is
therefore of great importance to identify the twist-3 contributions to transversely polarized
DIS within a generalized massive parton model in a consistent and systematic way. A well-
defined collinear factorization algorithm to identify the non-leading twist matrix elements
that involve the incorporation of parton transverse momentum had already existed in the
literature [10,11]. All these works have neglected the mass of the parton. To investigate
the parton mass effects, the authors in Ref. [12] introduce the spurion which couples only
to the massless parton. This procedure leads to correct answers but it loses the trace of the
symmetry breaking effects of the above-mentioned chirality selection rule in DIS. In view
of the conceptual importance of the quark mass at hand, we feel that it would be of more
transparency both conceptually and technically to deal directly with a massive parton. The
introduction of the extra quark mass mq will not cause any inconsistency to the originally
single scale collinear factorization algorithm, as long as it is much less than the factorization
scale in the problem.
In the following, we shall follow Qiu [11] and introduce a generalized special propagator
for massive quarks. The advantage of Qiu’s special propagator method is to completely
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separate the hard part between different orders in 1/Q (twist) in a manifestly electromagnetic
gauge invariant way, which is crucial for the problem at hand. The idea is to extract the
hidden hard part from an apparently soft part after spinor and Lorentz index factorizations.
Contrary to the conventional claim that the high twist matrix elements are lack of a simple
parton model interpretation due to mixing between matrix elements of various numbers
of partons, Qiu’s approach will pick up only a fixed number of partons in each particular
twist and therefore makes a good simple parton-model interpretation of the matrix element
possible.
The antisymmetric partWAµν of the hadronic tensorWµν in DIS which describes the QCD
spin physics is
WAµν
2MN
=
1
P · q
iǫµναβq
α
[
Sβg1(x,Q
2) +
(
Sβ −
S · q
P · q
P β
)
g2(x,Q
2)
]
, (1)
where P , S, MN and q are the momentum, spin vector, mass of the nucleon and momentum
of the virtual photon probe, respectively. We introduce two light-like vectors nµ = δµ− and
n¯µ = δµ+ for our coordinate. In the frame in which the proton with momentum P is moving
in the z-direction, one can parameterize P µ, qµ, and the proton spin vector Sµ as
P µ= pn¯µ +
M2N
2p
nµ,
qµ= −xB(1−
x2BM
2
N
Q2
)pn¯µ +
Q2
2xBp
(1 +
x2BM
2
N
Q2
)nµ
≡ −x˜pn¯µ +
Q2
2x˜p
nµ,
Sµ= (S · n)
(
n¯µ −
M2N
2p2
nµ
)
+ Sµ⊥, (2)
where xB =
Q2
2P ·q
, S2 = −1, and we have assumed
M2
N
Q2
≪ 1. In this frame, the parton
momentum kµ can be decomposed as
kµ = k̂µ +
k2 −m2q
2k · n
nµ, (3)
where
k̂µ ≡ (k · n)n¯µ +
k2⊥ +m
2
q
2k · n
nµ + kµ⊥, (4)
4
is the on-shell part, satisfying
k̂2 = m2q ,
with mq being the parton-quark mass.
With the above momentum parametrization the quark propagator with momentum k
can be decomposed as
i( 6 k +mq)
k2 −m2q
=
i( 6 k̂ +mq)
k2 −m2q
+
i 6n
2k · n
, (5)
where the i 6n
2k·n
term is known as the special propagator in Ref. [11]. Note that the form of
the special propagator is the same as that in the massless parton case. This is consistent
with the short distance property of the special propagator. It was pointed out by Qiu that
this special propagator offers no spatial separation along light-cone. Therefore, when the
soft part, say, the “naive” twist-2 matrix element in our DIS case,
T̂ (k) =
∫
dzeikz〈PS|ψ¯(0)ψ(z)|PS〉 (6)
is contracted with 6 n¯ after the EFP [10] collinear factorization procedure, it will actually
contain a hidden short distance contribution even in the zero transverse momentum k⊥
limit. In particular, after extracting an extra quark-gluon vertex and a special propagator
into the hard part, the new soft part will contain one more gluon, and becomes a twist-3
matrix element,
T̂ α(k, k′) =
∫
dz1dze
i(k1−k)z1eikz〈PS|ψ¯(0)(−gsT
aAαa (z1))ψ(z)|PS〉. (7)
Without removing this hidden short distance contribution, one will suffer from the ambigu-
ous mixing of soft parts between different “twists”. For example, one will have to use the
equation of motion to link up T̂ and T̂ α, which will invalidate the naive parton model inter-
pretation of these soft matrix elements. Another important feature of this special propagator
is to extract also the k⊥ contributions in T̂ (which is of higher twist by definition). After
combining with the gluon field Aα in T̂ α, a color gauge invariant covariant derivative can be
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achieved. To see this, we contract the loop parton propagator with 6 n¯ (contraction with 6n
leads to leading twist results), which gives
i( 6 k̂ +mq)
k2 −m2q
6 n¯ =
i( 6 k +mq)
k2 −m2q
6 k −mq
k2 −m2q
( 6 k̂ +mq) 6 n¯
=
i( 6 k +mq)
k2 −m2q
[(k − xp 6 n¯)α(iγα)− imq]
i 6n
2k · n
6 n¯, (8)
where we have used k̂2 = m2q and the collinear expansion k · n = k̂ · n = 2xP · n. It is
clear from Eq. (8) that the hidden effective vertex i( 6 k − xp 6n¯−mq) should be moved into
the hard part and classified as a high-twist contribution due to the presence of the special
propagator i 6n
2k·n
. Before proceeding, we would like to point out that the introduction of the
quark mass mq does not alter the procedures of having the special propagator to extract
the hidden short distance contribution from the apparent soft part after the EFR collinear
factorization. This should be obvious since the special propagator is of short distance in
nature, and should not be affected by the presence of the quark mass.
We are now ready to identify the twist-three matrix elements response for the trans-
verse polarization in DIS. We shall begin with the virtual-photon hadron forward Compton
scattering, which is
T µν =
∫ d4k
(2π)4
[Ŝµν(k)T̂ (k)] +
∫ d4k1
(2π)4
d4k
(2π)4
[Ŝµνα (k1, k)T̂
α(k1, k)] + · · · , (9)
where Disc(T µν)=2πiW µν , T̂ (k) and T̂ α(k1, k) are the same as in Eqs. (6) and (7) respec-
tively. To pick up the twist-3 contributions, we first collinearly expand the “hard” part Ŝµν
and Ŝµνα up to the relevant order of interest:
Ŝµν(k)= Ŝµν(xpn¯) +
∂Ŝµν
∂kα
|k=xpn¯(k − xpn¯)
α + · · · , (10)
Ŝµνα (k1, k)= Ŝ
µν
α (x1pn¯, xpn¯) +
∂Ŝµνα
∂kβi
|ki=xipn¯(ki − xipn¯)
β + · · · . (11)
Before proceeding, some remarks are in order. Naively, one would expect that the second
term in Eq. (11) belongs to the twist-4 contribution and should be dropped in the twist-3
discussion. However, a careful investigation indicates that this term will actually give rise
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to a k⊥βAα contribution after the Lorentz index separation. If it is true, then one would
obtain a twist-3 matrix element that contain quark fields and a single gluonic field strength
as in the single transverse spin asymmetry case [13]. Further studies reveal that it is not the
case in DIS. The soft gluon pole cancels each other between mirror diagrams (with respect
to the Cutkosky cut) in the hard part. So, we shall just drop the second term in Eq. (11)
in what follows. Using the Ward identity,
∂
∂kα
i
6 k+ 6 q −mq
=
i
6 k+ 6 q −mq
(iγα)
i
6 k+ 6 q −mq
, (12)
we obtain
∂Ŝµν
∂kα
|k=xpn¯ = Ŝ
µν
α (xpn¯, xpn¯). (13)
Inserting the identity 1 =
∫
dxδ(x− k·n
P ·n
) into Eq. (9) and with the help of the identity
∫
d4k
(2π)4
eikzδ(x−
k · n
P · n
) =
∫
dλ
2π
eiλxδ(4)(z −
λ
P · n
n),
we can integrate out the uninteresting k− and k⊥ components and arrive at
T µν =
∫
dx1dxTr[Ŝ
µν(x1pn¯, xpn¯)T (x1, x)] +
∫
dx1dxTr[Ŝ
µν
α (x1pn¯, xpn¯)T
α(x1, x)], (14)
where
Tij(x1, x)=
∫
dη
2π
dλ
2π
eiη(x−x1)eiλx1〈PS|ψ¯j(0)ψi(
λn
P · n
)|PS〉,
T αij(x1, x)=
∫
dη
2π
dλ
2π
eiη(x−x1)eiλx1〈PS|ψ¯j(0)D
α′(
ηn
P · n
)ψi(
λn
P · n
)|PS〉ωαα′ , (15)
with Dα
′
= i∂α
′
−gsT
aAα
′
a , ω
α
α′ = g
α
α′ − n¯
αnα′ being the covariant derivative and projection
operator, respectively. In the above, we have suppressed the quark flavor index for simplicity.
Note that we have employed the light-cone gauge n ·A = 0 and therefore ωαα′A
α′ [η/(p ·n)] =
Aα[η/(p · n)] to arrive at Eq. (15). One can easily show that a path order link-operator
should be inserted in Eq. (15) if non-light-cone gauges are employed.
It is important to note that in this special propagator formalism, the hard part is the
sum of the “conventional” and the special propagator contributions. In terms of Feynman
diagrams and obvious notations, we have
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+

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q
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 im
q
+

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
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+
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(a) (bi) (bii) (ci) (cii) (ciii)
where
✲
j i
k
=
i6n ij
2k · n
(16)
is the special propagator in the above diagram. For simplicity, we have also omitted the cross
diagrams for the virtual photon which corresponds to the antiquark contributions. After
this lengthy discussion on the gauge invariant collinear expansion, we are ready to perform
factorization in spinor indices, which is basically a Fierz transformation. For the two-parton
matrix element, we can expand the Dirac matrix in terms of the 16 independent orthogonal
bases. The relevant terms for our purposes are∫ dλ
2π
eiλx〈P, S|ψ¯j(0)ψi(
λn
Pn
)|P, S〉
= −MN (S · n)g1(x)( 6 n¯γ5)ij +
i
2
(P · n)h1(x)n¯
αSβ⊥(σαβγ5)ij + . . . , (17)
where ∫
dλ
8π
eiλx〈PS|ψ¯(0) 6nγ5ψ
[ λn
P · n
]
|PS〉 =MN (S · n)g1(x),∫
dλ
4π
eiλx〈PS|ψ¯(0) 6ndβσγσγ5ψ
[ λn
P · n
]
|PS〉 = (P · n)dβσSσh1(x). (18)
Likewise, the expansion for the three-parton matrix elements relevant for discussion is:∫
dλ
2π
dη
2π
eiλx1eiη(x2−x1)〈PS|ψ¯j(0)D
α
[ ηn
P · n
]
ψi
[ λn
P · n
]
|PS〉
=
i
2
(P · n)MNG(x1, x2)S⊥δǫ
αδ
⊥ 6 n¯ij −
1
2
(P · n)MN G˜(x1, x2)S
α
⊥( 6 n¯γ5)ij + . . . , (19)
where we have used Sβ⊥ = −d
βλSλ, ǫ
βδ
⊥ = ǫ
βδλσn¯λnσ, and d
βλ=diag(0, 1, 1, 0) is the projection
operator in the transverse direction. Inverting Eq. (19), G˜ and G can be obtained as follows:
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∫
dλ
2π
dη
2π
eiλx1eiη(x2−x1)〈PS|ψ¯(0) 6nγ5d
βαDα
[ ηn
P · n
]
ψ
[ λn
P · n
]
|PS〉
= −2Sβ⊥(P · n)MN G˜(x1, x2),∫ dλ
2π
dη
2π
eiλx1eiη(x2−x1)〈PS|ψ¯(0) 6nǫβδ⊥ Dβ
[ ηn
P · n
]
ψ
[ λn
P · n
]
|PS〉
= −2iSδ⊥(P · n)MNG(x1, x2). (20)
We now perform the Lorentz index factorization, which can be achieved by decomposing the
metric tensor
gαβ = n¯αnβ + n¯βnα − dαβ. (21)
Substituting Eqs. (17), (19) into Eq. (14), we finally arrive at the factorization formula for
Im T µν in DIS
Im T µν =
∫
dx1dx
[
δ(x− x1)g1(x)σ
µν
a (x) + δ(x− x1)h1(x)σ
µν
b
+G(x1, x)σ
µν
c1
(x1, x) + G˜(x1, x)σ
µν
c2
(x1, x)
]
, (22)
and
σµνa (x)= −MNS · n Im Tr(S
µν(x) 6 n¯γ5)
= iǫµναβnαn¯βMN
S · n
P · n
δ(x− xB),
σµνb (x)=
P · n
2
Im Tr(iSµν(x)σαβγ5)n¯
αSβ⊥
= iǫµναβqαS⊥β
2mq
x
δ(x− xB),
σµνc1 (x1, x)=
MN
2
P · n Im Tr(iSµνα′(x1, x) 6 n¯)ǫ
αδ
⊥ S
⊥
δ ω
α′
α
= iǫµναβqαS⊥β
MN
2P · q
( 1
x1
δ(x1 − xB)−
1
x
δ(x− xB)
)
,
σµνc2 (x1, x)= −
MN
2
P · n Im Tr(Sµνα′(x1, x) 6 n¯γ5)S
α
⊥ω
α′
α
= iǫµναβqαS⊥β
MN
2P · q
( 1
x1
δ(x1 − xB) +
1
x
δ(x− xB)
)
, (23)
where
Im Sµν =
1
π
γµ(xp 6 n¯+ 6q +mq)γν(1 +
mq 6n
2xp
)πδ((xp+ q)2 −m2q) + mirror diagram,
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Im Sµνα′ =
1
π
γµ(xp 6 n¯+ 6q)(iγα′)(x1p 6 n¯+ 6q)γν
i
(xp+ q)2
πδ((x1p+ q)
2 −m2q)
+iγα′
i 6n
2x1p
γµ(x1p 6 n¯+ 6q)γνδ((x1p+ q)
2 −m2q) + mirror diagrams. (24)
It is easy to explicitly check that Sµν , Sµνα′ and σ
µνs are separately bare electromagnetic
gauge invariant in the presence of the special propagator. This is a tremendous simplification
comparing with the conventional method employed in Refs. [8,9].
After a lengthy but straightforward calculation, the antisymmetric hadronic tensor for
polarized DIS can be recast into
WAµν
2MN
= iǫµναβ
(
nαn¯β
S · n
P · n
g1(xB) + q
αSβ⊥
gT (xB)
P · q
)
, (25)
and the transverse polarized structure function is simply
gT (x1) = g1(x1) + g2(x1)
=
1
4x1
∫
dx2
[
G(x1, x2)−G(x2, x1) + G˜(x1, x2) + G˜(x2, x1) +
2mq
MN
h1(x1)δ(x2 − x1)
]
. (26)
Another form of g¯T (x) in the literature [7,4] derived from light-front QCD is
gT (x) =
1
4MN
∫
dη
2π
eiηx〈PS⊥|ψ¯(0)γ⊥γ5ψ(
ηn
P · n
)|PS⊥〉, (27)
and it looks quite different from Eq. (27). In the following, we shall briefly demonstrate that
Eqs. (26) and (27) are actually equivalent for the completeness of this paper.
We first observe that
− dαβγ5 + iǫ
αβ
⊥ = γ5(−Sαλβσ − iǫαλβσγ5)n¯
λnσ
≡ −γ5Σαλβσn¯
λnσ, (28)
where
Sαλβσ = gαλgβσ − gαβgλσ + gασgλβ. (29)
Using the identity Dα =
1
2
(γα 6D+ 6Dγα), we arrive at
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Sβ⊥
∫
dx(G˜(x, x1) +G(x, x1))
= −
1
2MN (P · n)
∫
dλ
2π
eiλx1〈PS|ψ¯(0) 6 nγ5Σαλβσn¯
λnσ
1
2
(γα 6D⊥+ 6D⊥γα)ψ(
λn
P · n
)|PS〉
=
1
2MN(P · n)
∫
dλ
2π
eiλx1〈PS|ψ¯+(0) 6D⊥ 6 nγ5γ⊥βψ+(
λn
P · n
)|PS〉 (30)
where we have used P+ψ = ψ+, ψ
†
+γ0 = ψ¯P− = ψ¯+, P+ =
1
2
6 n¯ 6n and P− =
1
2
6n 6 n¯ to project
out the “good” and ”bad” light-cone components of the Dirac spinor. Applying
ψ¯− = ψ
†
−γ0 = −
1
2xp
∫
dη′
2π
eixη
′
ψ¯+( 6
←−
D⊥ −mq) 6 n (31)
to Eq. (30), it is easy to obtain
1
4x
∫
dx1
[
G˜(x, x1) +G(x, x1) +
mq
MN
h1(x1)δ(x− x1)
]
= −
1
4MN
∫
dλ
2π
eiλx〈PS⊥|ψ¯−(0) 6S⊥γ5ψ+(
λn
P · n
)|PS⊥〉 (32)
and
1
4x
∫
dx1
[
G˜(x1, x)−G(x1, x) +
mq
MN
h1(x1)δ(x− x1)
]
= −
1
4MN
∫ dλ
2π
eiλx〈PS⊥|ψ¯+(0) 6S⊥γ5ψ−(
λn
P · n
)|PS⊥〉. (33)
With Eqs. (32) and (33) at hand, it is obvious that gT is in fact a measurement of the overlap
between opposite chirality partons as advertised at the beginning. The opposite chirality
partons become two independent species without invoking the quark mass as the chiral
symmetry breaking source and are invisible in the chirally invariant probe in DIS. This fact
is also reflected in G˜ and G explicitly in the identification of the relevant matrix elements.
Another important message in the above derivation is the disappearance of the matrix
elements with gluonic field strength. These matrix elements bear a simple interpretation of
a charge particle scattering off a spinning top’s magnetic field due to the Lorentz force [13].
The absence of this matrix element in gT makes gT a pure measurement of chiral symmetry
breaking effects inside the nucleon. To summarize, we have clarified the role of the quark
mass in defining the chiral odd transversity contribution h1(x) in gT in the improved parton
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model in DIS. We have also shown that the special propagator can be readily generalized
to include the quark mass. This technique is employed to extract the hidden short distant
contribution buried inside the soft part. The importance of the special propagator approach
is to enable one to truly factorize the hard and soft part and obtain an explicit gauge invariant
result twist by twist. This fact is important to ensure a parton model interpretation for the
matrix elements thus obtained. This is because only a fixed number of partons are involved
in the matrix elements for a definite twist. Therefore h1(x) in the parton model language is
a measurement of the transversely polarized quark and anti-quark distributions inside the
nucleon in the transverse basis, or, a measurement of chiral symmetry breaking effects inside
the nucleon in the helicity basis. However, it is important to note that transversity is of
higher twist in nature in DIS but can become a leading twist effect in other high energy
process, say, Drell-Yan in particular. It mixes with other twist three contributions and
cannot be separately measured in DIS.
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